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etative	 growth	 phase	 may	 influence	 community	 assembly	 during	 subsequent	
reproductive	 years	 and	may	 influence	plant	 fitness.	 It	 is	well-known	 that	 plant	
responses	 to	 herbivory	 affect	 community	 assembly	 within	 a	 growing	 season,	
but	 whether	 plant–herbivore	 interactions	 result	 in	 legacy	 effects	 on	 commu-
nity	 assembly	 across	 seasons	 has	 received	 little	 attention.	Moreover,	 whether	
plant–herbivore	interactions	during	the	vegetative	growing	season	are	important	
in	predicting	plant	 fitness	directly	or	 indirectly	 through	 legacy	effects	 is	poorly	
understood.


























after	 the	 initial	 species	 or	 interaction	 has	 passed.	 Such	 legacy	 ef-
fects	can	have	important	consequences	for	later	species	interactions	
and	 community	 dynamics	 (Kostenko,	 Voorde,	 Mulder,	 Putten,	 &	
Bezemer,	2012;	Ohgushi,	2016;	Utsumi,	Ando,	&	Miki,	2010;	Wurst	
&	Ohgushi,	2015).	Long	after	they	have	left,	individual	species	may	
have	prominent	 influences	 on	 community	 organization	when	 they	
have	a	long-term	effect	on	the	phenotype	of	a	basal	resource	that	
structures	communities	(Wurst	&	Ohgushi,	2015).	For	example,	root	
exudates	 from	a	plant	 can	 influence	 the	 soil	microbiome	and	 sub-
sequent	succession	of	plant	communities	(De	Deyn,	Raaijmakers,	&	
van	der	Putten,	2004;	van	der	Putten,	2003).	Earthworms	may	alter	
soil	 nutrient	 composition	 and	 favour	 late	 successional	 plant	 spe-









sition	of	 insect	 and	bird	 species	over	a	period	of	decades	 (Nuttle,	
Yerger,	Stoleson,	&	Ristau,	2011).




Agrawal,	2004).	Presumably	 to	 reduce	costs	of	defence	 in	 the	ab-
sence	of	herbivores,	many	plant	species	only	invest	in	enhanced	lev-
els	of	defence	in	response	to	actual	herbivore	attack	(Karban,	2011;	
Mithöfer	&	Boland,	 2012;	 Stam	 et	 al.,	 2014).	 These	 induced	 plant	
responses	 provide	 plants	with	 enhanced	 resistance	 to	 the	 current	
attacker,	but	at	the	same	time	the	induced	plant	phenotype	poten-
tially	affects	interactions	with	other	community	members,	resulting	























community	 composition	 (Hernandez-Cumplido	et	 al.,	 2016;	Poelman	
et	 al.,	 2010;	Viswanathan	et	 al.,	 2005;	 van	Zandt	&	Agrawal,	 2004),	
little	 is	known	about	how	 long	 it	 takes	 for	 the	community	 legacy	of	
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herbivore	 species	 from	different	 feeding	 guilds	 (aphid	 or	 caterpil-
lar),	or	no	herbivore	(control),	in	a	full-factorial	design	across	years.	
Arthropod	 community	 composition	was	monitored	 in	 the	 vegeta-
tive	and	following	first	reproductive	season,	and	at	the	end	of	the	
second	year	seed	set	was	quantified.	Specifically,	we	addressed	the	
following	 questions:	 (a)	Does	 early-season	 herbivory	 by	 aphids	 or	
caterpillars	affect	arthropod	community	composition	and	plant	fit-
ness,	either	within	or	across	years?	(b)	Does	variation	in	arthropod	
community	 composition	 as	 a	whole	 cause	 legacy	 effects	 on	 com-




2  | MATERIAL S AND METHODS
2.1 | Field site
Herbaceous	 wild	 perennial	 B. oleracea	 L.	 (Brassicaceae)	 plants,	
originating	 from	 Kimmeridge,	 Dorset,	 UK	 (50°36'N,	 2°07'W)	


























2.2 | Legacy effects: Two‐year common 
garden experiment
In	order	to	study	legacy	effects	of	herbivore	induction	on	commu-





adult	 aphids	 (Brevicoryne brassicae	 L.	 (Hemiptera:	 Aphididae))	 (A),	
three	caterpillars	in	2nd	larval	stage	(Plutella xylostella	L.	(Lepidoptera:	
Yponomeutidae))	(C),	or	left	plants	uninfested	(N).	The	insects	were	
obtained	 from	 the	 stock	 rearing	of	Wageningen	University,	where	
they	were	 reared	on	Brussels	 sprouts	plants	 (B. oleracea var. gem‐
mifera	cv	Cyrus)	under	greenhouse	conditions	(21	±	1°C,	50%–70%	
relative	 humidity,	 16L:	 8D	 cycle).	 The	 two	 herbivore	 species	 are	
among	the	most	common	herbivores	on	B. oleracea	and	we	selected	
an	aphid	and	caterpillar	species	because	they	are	known	to	induce	
widely	different	plant	 responses	 (Stam	et	al.,	2018).	All	plants	 in	a	
plot	were	infested	with	the	same	treatment	by	carefully	introducing	
herbivores	using	a	 fine	brush,	yielding	24	plots	 for	each	herbivore	




resulted	 in	a	 full	 factorial	design	of	 induction	combinations	across	








in	 the	 first	 year	 to	 allow	 for	 the	 full	 factorial	 design	 of	 treatment	
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time-effects	 on	 in	 treatment	 comparisons.	 Since	 we	 covered	 the	
same	weeks	of	monitoring	 in	both	years,	we	could	asses	presence	
and	abundance	of	herbivores	and	predators	across	 the	 full	 season	
for	each	treatment	in	both	years	despite	the	necessary	compromise	
on	sampling	intensity	in	2013.
Monitoring	 plants	 for	 arthropods	 in	 both	 years	 occurred	
through	visually	screening	for	all	life	stages	of	all	living	insects	and	
other	 invertebrates	 such	 as	 spiders	 and	 slugs	 (because	 the	 com-
munity	 is	 arthropod	 dominated	 it	 is	 here	 collectively	 referred	 to	
as	 ‘arthropod	community’)	on	the	upper-	and	 lower	parts	of	each	
leaf	 and	 flower.	 Both	 herbivores	 and	 carnivores	 (predators	 plus	














During	 the	 winter	 period	 between	 the	 2	 years	 (October	 2012–
March	 2013),	 a	 few	 randomly	 selected	 plants	 in	 the	 field	 were	
screened	for	the	presence	of	arthropods,	but	none	were	found.
2.3 | Seed harvest
To	 test	whether	 either	 early-season	herbivory	 treatments	or	 total	
arthropod	community	composition	exerted	legacy	effects	on	plant	
fitness,	seeds	of	all	monitored	plants	were	harvested.	Seeds	formed	
during	 the	 first	 plant	 reproductive	 season	 (2013)	 were	 collected	
after	the	second	period	of	monitoring,	from	week	34	to	the	begin-
ning	of	week	39.	Racemes	with	dry	seed	pods	were	cut	and	placed	







2.4.1 | Early‐season herbivory effects on 
community composition









two	 time	periods,	 and	all	72	plots	were	used	 (Table	1),	 except	 for	
plots	 in	which	all	plants	had	died	over	winter	 (n	=	4).	Redundancy	
analyses	 (RDAs)	were	used	 to	 test	 the	effects	of	 the	early-season	
herbivory	treatment	applied	to	a	plot	(aphid,	caterpillar	or	none)	in	
the	 first	 or	 second	 year,	 on	 the	 community	 composition	 per	 plot	
(cumulated	 species	 abundance)	 in	 the	 first	 or	 second	 year.	 Tests	
were	 performed	 with	 a	 Monte	 Carlo	 permutation	 test	 with	 499	














combinations	of	 induction	 treatments	 in	 the	 first	 and	 second	year	
specifically	affected	plant	fitness,	we	conducted	a	one-way	ANOVA	
on	 all	 nine	 treatment	 combinations	 (Table	 1).	 Third,	 we	 grouped	
treatments	that	had	the	same	herbivore	inoculation	(aphid,	caterpil-
lar	 or	 none)	 in	 the	 first	 year,	 or	 the	 same	herbivore	 inoculation	 in	
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2.4.3 | Community legacy effects within and across 














similarly	 prepared	 as	 described	 above	 for	RDAs,	 except	 that	 for	
all	variables,	only	the	24	plots	were	used	that	were	monitored	for	
community	 composition	 in	both	2012	and	2013	 (‘M’	 in	Table	1).	
Two	 plots	 of	 which	 all	 plants	 had	 died	 in	 2013	 were	 excluded.	
Species	data	were	 log	 (y	+	0.25)	 transformed	prior	 to	PCA,	with	
abundance	 of	P. xylostella and B. brassicae	made	 supplementary.	





normality	 of	 SEM.	The	model	 best	 fitting	 the	data	was	 selected	
by	 removing	 non-significant	 paths	 from	 the	model.	 In	 SEM,	 the	






2.4.4 | Ordination of species involved in legacy 




ing	 paths	 of	 the	 SEM	described	 (see	 Section	 3),	 scatterplots	were	
made	indicating	which	species	likely	occur	in	the	same	plot	(e.g.	long	
species-arrows	pointing	in	the	same	direction).	First,	to	show	the	re-
lationship	of	 carnivore	 species	occurrence	 in	 plots	 in	 the	 first	 and	
second	year,	two	scatterplots	of	carnivore	species	in	either	year	were	
made	by	PCA	as	described	above,	using	the	same	data	as	was	used	
















5.04	 for	 Windows	 (ter	 Braak	 &	 Šmilauer,	 2012).	 See	 Supporting	
Information	 for	more	 details	 on	 interpretation	 of	 ordination	 plots	
using	the	biplot	rule.
2.4.5 | Plant performance traits involved in 
herbivore‐community legacy effect on plant fitness: 
Structural equation model
We	 performed	 another	 SEM	 to	 investigate	 whether	 and	 how	
plant	 performance	 traits	 mediated	 first-year	 herbivore	 commu-
nity	 legacy	effects	on	seed	set	 in	the	second,	reproductive	year.	




reproductive	 tissue.	For	plant	 traits	 in	2012,	measurements	dur-
ing	the	peak	of	the	arthropod	season	(week	35;	Stam	et	al.,	2018)	
were	taken	as	input.	For	plant	traits	in	2013	the	situation	was	dif-
ferent	 due	 to	 a	 reduction	 of	 number	 of	 leaves	 while	 the	 plants	
started	 flowering	 and	 subsequently	 formed	 seeds	 as	 the	 season	









3.1 | Early‐season herbivory effects on community 
composition and plant fitness
Early-season	 herbivory	 treatments	 in	 the	 first	 and	 second	 season	
had	no	effect	on	herbivore	or	carnivore	community	composition	ei-
ther	within	the	year	or	in	the	following	year,	although	early	season	
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herbivory	 in	the	first	year	had	a	near-significant	effect	on	the	car-
nivore	 community	 composition	 in	 the	 following	 year	 (p	 =	 0.056,	
Table	2).	Also,	in	the	SEM	on	community	legacy	effects	(see	below,	
Figure	1),	none	of	 the	paths	significantly	 related	early-season	her-




vore	feeding	 in	either	 the	first,	vegetative	year	 (ANOVA:	F2:0.317,	
p	=	0.729),	or	in	the	following,	reproductive	year	(ANOVA:	F2:1.068,	
p	 =	 0.345),	 the	 interaction	 between	 herbivore	 treatments	 applied	













exposed	 to	 natural	 arthropod	 colonization	 and	 thus	 plant	 fitness	
measured	is	an	effect	of	the	treatments	interacting	with	two	years	
of	biotic	and	abiotic	events.
3.2 | Legacy of whole arthropod community 
across years
Although	our	early-season	herbivory	treatments	did	not	affect	com-
munity	 composition	 in	 the	 same	 or	 next	 year	 (above),	 herbivore	
and	carnivore	community	composition	 in	both	the	vegetative	year	









This	 was	 not	 mediated	 by	 herbivore	 community	 within	 or	 across	












herbivory Affected community % F p
2012 Herbivores	2012 6.82 0.8 0.758
2012 Carnivores	2012 8.94 1.0 0.422
2012 Herbivores	2013 2.00 0.7 0.814
2012 Carnivores	2013 6.02 2.1 0.056
2013 Herbivores	2013 3.29 1.1 0.374
2013 Carnivores	2013 1.40 0.5 0.828












tative	 season	 (2012)	 correlated	with	 seed	 set	 in	 the	 following,	 re-




rather	 than	 within-year	 effects,	 influenced	 carnivore	 community	
composition	and	plant	fitness.
3.3 | Arthropod species involved in community 
legacy effects












correlation	 across	 years	 (e.g.	 arrows	 almost	 perpendicular	 to	 each	
other;	 Figure	 3a).	 Spiders	 (Araneae)	 and	 ladybeetles	 (Coccinellidae)	
showed	 positive	 or	 negative	 relations	 across	 years,	 respectively,	 al-
though	for	these	species	effect	sizes	were	small.
Interestingly,	 the	 abundance	 of	 some	 specific	 herbivore	 species	
that	were	present	in	plots	in	the	vegetative	year	corresponded	with	
plant	 fitness	 a	 year	 later	 (Figure	 3b),	 whereas	 no	 strong	 negative	
correlations	 between	 herbivores	 in	 2013	 and	 seed	 set	 were	 found	
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(Figure	3c).	Abundance	of	 two	 flea	beetle	 species	 (Phyllotreta undu‐
lata and Pachygaster atra)	 in	 the	 vegetative	 year	 corresponded	with	
reduced	seed	set	of	plants.	Plants	that	were	less	frequently	attacked	
by	these	beetle	species	had	higher	numbers	of	other	herbivore	spe-
























significant	path	was	 found	 for	 the	 first-year	herbivore	 community	
correlating	with	the	number	of	flower	racemes	in	the	next	year	(SEM,	
z:	 −1.93,	p	 =	0.054).	 Subsequently,	 the	number	of	 flower	 racemes	













in	 the	 first	 vegetative	 growing	 season	 correlated	 with	 carnivore	
community	 assembly	 after	winter	 in	 the	 second	year	when	plants	








performance	 traits	 such	 as	 leaf	 number	 and	 plant	 size	 that	 deter-









In	our	earlier	work,	we	 identified	 that	 the	herbivore	 species	 in-
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this	vegetative	season,	resulting	 in	variation	 in	community	com-
position	 at	 the	 end	 of	 the	 first	 season	 (Stam	 et	 al.,	 2018).	 The	
absence	of	effects	in	the	current	study	may	be	due	to	the	use	of	
a	smaller	sample	size,	analysis	of	 insect	communities	as	average	
over	a	season	and	not	 in	 time	series	of	 repeated	measurements	
as	in	our	earlier	work	(Stam	et	al.,	2018),	or	context	dependency	








these	were	 largely	determined	by	 specialist	parasitoids	 that	are	




the	 legacy	on	 community	 composition	 in	 the	 next	 reproductive	
season.
Herbivores	 in	the	first	year	affected	the	plant	phenotype	such	






with	 herbivore	 presence	 and	 to	 cascade	 on	 increased	 predator	
abundance	 (Begon,	Howarth,	&	Townsend,	2014;	 Schmitz,	Krivan,	
&	Ovadia,	2004).	However,	since	our	SEM	could	not	connect	the	full	







munities	 (Bezemer	&	Mills,	 2001;	 Kos	 et	 al.,	 2011;	Waage,	 1983).	
Alternatively,	parasitoid	abundance	in	our	study	was	not	herbivore-
density-dependent	(Heimpel	&	Casas,	2008),	and	for	example	caused	








(Frago	 &	 Godfray,	 2014).	 Nevertheless,	 our	 data	 hint	 that	 legacy	






4.2 | Fitness of perennial plants
Both	our	ANOVA	analyses	of	plant	fitness	as	well	as	SEM	analy-
ses	revealed	that	presence	of	herbivores	in	the	first	and	vegeta-
tive	 year	 is	 most	 predictive	 for	 plant	 fitness	 in	 the	 subsequent	
reproductive	 year.	 Herbivores	 in	 the	 vegetative	 year	 affected	
plant	 biomass	 (height	 and	 number	 of	 leaves)	 that	 corresponded	
with	decreased	production	of	flowers	and	seed	production	in	the	
second	 year.	We	 found	 that	 specific	 herbivore	 species	 in	 2012	
corresponded	with	 decreased	 seed	 production	 in	 2013,	 that	 is,	
flea	beetles.	The	beetles	are	known	to	particularly	colonize	B. ol‐
eracea	early	 in	 its	growth	and	respond	to	 induction	of	plants	by	
caterpillar	 feeding	 (Poelman,	 van	 Loon,	 van	Dam,	 Vet,	 &	Dicke,	
2009b;	Poelman	et	al.,	2010).	Plant	responses	to	caterpillar	feed-
ing	 increase	 beetle	 abundance	 on	 caterpillar-induced	 plants	
(Poelman	et	al.,	2010).	This	may	explain	the	lowest	seed	produc-
tion	of	plants	that	received	caterpillar	induction	in	both	years	and	
the	 correlation	 of	 beetle	 abundance	 in	 2012	with	 plant	 fitness.	
Our	data	cannot	provide	causal	support	for	the	hypothesis	and	it	
remains	to	be	identified	if	flea	beetles	are	indeed	among	the	most	
important	agents	that	reduce	fitness	of	perennial	B. oleracea when 
particularly	 feeding	on	plants	 in	 the	vegetative	year.	For	peren-
nial	plants	it	has	been	debated	whether	events	in	the	vegetative	
years	 before	 reproduction	 or	 events	 during	 reproductive	 years	
are	most	predictive	for	plant	fitness	(Boege	&	Marquis,	2005).	Our	
data	match	 emerging	 consensus	 that	 events	 during	 the	 vegeta-
tive	year	profoundly	 influence	plant	 fitness	 in	 subsequent	years	
(Boege	&	Marquis,	2005;	Ehrlén,	2002).	Herbivore	feeding	in	the	
vegetative	year	may	cause	 reduction	 in	photosynthetic	capacity	
and	 allocation	 of	 resources	 from	 growth	 into	 defence,	 resulting	
into	effects	on	plant	biomass	and	defence	phenotype	(reduction	
in	plant	height	and	number	of	 leaves	 in	our	study).	The	biomass	




compensation	 for	 flower	 damage	 in	 a	 perennial	 thistle	 (West	 &	
Louda,	2018).	Thus,	plant-animal	 interactions	during	the	vegeta-
tive	year	have	lifetime	consequences	for	perennial	herbs	(Ehrlén,	
2002).	 These	 effects	may	 be	 strengthened	 by	 legacy	 effects	 of	
plant–animal	 interactions	 in	 the	 vegetative	 year	 to	 plant-animal	
interactions	in	reproductive	years.	This	includes	the	likelihood	of	




in	 terms	 of	 growth	 form,	 defence	 and	 flower	 traits	 have	 been	
identified	 to	 affect	 pollinator	 visitation	 and	 result	 in	 effects	 on	
seed	production	(Rusman	et	al.,	2018).
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4.3 | Future perspective
The	importance	of	herbivory	in	vegetative	years	for	plant	fitness	
as	 well	 as	 plant–animal	 legacy	 effects	 on	 community	 assembly	
across	 seasons	 suggests	 that	 these	 effects	 are	 also	 reflected	 in	
growth-defence	 strategies	 of	 perennial	 plants.	Costs	 of	 defence	
in	vegetative	years	as	well	 as	 legacies	of	plant-mediated	 species	
interactions	may	prove	to	be	explanatory	factors	in	the	evolution	
of	 plant	 ontogenetic	 trajectories	 of	 growth-defence	 trade-offs	
(Boege	&	Marquis,	2005).	In	this	research,	an	important	challenge	
is	to	identify	whether	communities	as	a	whole	or	specific	species	
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